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Abstract
The study of defects generated in superconducting filaments of Nb3Sn strands under electromagnetic and thermal cycling was 
carried out for the TFRF3 cable-in-conduit-conductor (CICC) sample that passed final testing in the SULTAN test facility. The 
TFRF3 sample was manufactured for the qualification of the RF Toroidal Field (TF) CICC. The strand samples were taken from 
different locations in the cross–section of TFRF3 and different positions along its axis in relation to background magnetic field. 
Qualitative and quantitative analysis of defects were carried out using metallographic analysis of images obtained by Laser 
Scanning Microscope. We analyzed number, type, and distribution of defects in filaments of the Nb3Sn strand samples extracted 
from different petals of TFRF3 in dependence on the strand location in the cross–section (the center of petal, nearby the spiral, 
nearby the outer jacket) in the high field zone (HFZ). The results about the defects amount and their distribution are presented 
and discussed. 
© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
In the ITER magnet system the TF and CS coils have to produce high magnetic fields (~12 T), that requires 
using superconductors in form of cables twisted from Nb3Sn strands. Since Nb3Sn is a brittle compound its critical 
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICEC 25-ICMC 2014
 D. Kaverin et al. /  Physics Procedia  67 ( 2015 )  914 – 919 915
current is very sensitive to strain and stresses that cabled strands are subjected to during the ITER operating. Testing 
of short straight samples of full-size ITER TF CICC in the SULTAN facility has mostly shown that significant 
degradation of the current sharing temperature Tcs takes place during multiple electromagnetic cycling [1,2]. Among 
multiple effects that may contribute to the degradation, damage of the strands in form of filamentary cracks is 
considered as an important factor. Several works have addressed studying the cracks formation in the ITER type 
Nb3Sn strands [3,4,5,6]. In some of them cracks distribution in the strands taken from the SULTAN CICC samples 
after testing were investigated [6]. There are several suppliers which produce TF conductors for the ITER. Important 
differences exist between the strands used by different suppliers [7] with regard to their susceptibility to filament 
cracking under strain applied. So a characterization of all strand types is needed to estimate the filament cracking
contribution to Tcs degradation during SULTAN testing. The main conclusion of [5], where the TFEU5 conductor 
sample based on bronze type Nb3Sn strand was studied, is that “Lorentz force cycling induces movement of the 
strands within the CICC and sets up conditions such that especially strongly curved strands can develop tensile 
strains on their outer surfaces that can cause filament fracture at quite high, localized densities”.
In this study we perform metallographic examination of crack distribution in strands of the TFRF3 conductor 
sample after full-size SULTAN testing. For the TFRF3 sample the results of Tcs measurements performed during
electromagnetic cycling were stable between 6.10–6.15 K [8]. The only drop of 0.1 K was observed after warm-up 
and cool down (WUCD) with the final Tcs value of 6.05 K. Considering the value of the drop, this sample shows 
very good stability and EM cycling resistance among other ITER conductors where the average difference between 
initial and final Tcs values reaches up 0.4 K [1].
2. Materials and experimental procedure
The TFRF3 sample, has a common TF conductor configuration and consists of 900 superconducting Nb3Sn
strands and 522 copper strands, all of them are Cr-plated and cabled in six 4-stage sub-cables (petals) wrapped by 
stainless steel tape. At the 5th stage of cabling these sub-cables are twisted around the central cooling spiral, the final 
cable is wrapped again and then inserted into long stainless steel tube.
The Nb3Sn strand used in the TFRF3 is a bronze route strand with distributed filaments. The cross section of the 
strand and a fragment demonstrating the filament arrangement are shown in Fig.1a,b. A specific feature of the strand 
is the rectangular duo-shape of the filaments formed by stacking pairs Nb rods in assembly.
To study the effect of electromagnetic and thermal loads following a test in the SULTAN (1000 current - high 
field EM cycles and one thermal cycle), the strands were extracted from the high field zone (HFZ) of TFRF3 
sample, which was tested after heat treatment with cycle "B" (210°C for 50 hours, 340°C for 25 hours, 450°C for 25 
hours, 575°C for 100 hours and 650°C for 100 hours) [8].
To avoid damage of the samples intended for metallographic examination, at first, the 140 – 150 mm pieces 
corresponding to the high field zone (background field 10.78 T) were cut from the conductor by using an electric 
discharging machine (EDM). After that the jacket was removed (also by using EDM), the cable and the sub-cables 
wraps were also removed and the strands were accurately separated. For the analysis we chose the strands adjacent
to the jacket and the internal spiral as well as the strands selected from the center of each petal (Fig.1 c).
The 50 mm long samples were embedded in a metallographic puck and carefully polished to remove half of the 
strand thickness. Final polishing was conducted with a 0.05 μm silica suspension. To reveal the crack locations the 
samples were etched in a solution of HNO3 and HF after final polishing. The applicability of the sample preparation 
technique and cracks reveal was proven on two reference samples (strand just after heat treatment and strand after 
heat treatment and repeated manual bending) which are shown in Fig. 2 a, b.
For studies of the amount and distribution of cracks in Nb3Sn we chose the laser optical scanning confocal 
microscope (LSCM) Olympus LEXT OLS4000. The advantage of this microscope is the ability to combine several 
adjacent image frames (stitching). This technique allows to get a panoramic image of the surface suitable for further 
statistical processing along the sample. For the image analysis the crosslinking of 10 fragments (2x5) across the 
specimen width was selected. In this case the dimensions of the examined area across the sample were 234×536 
microns (Fig. 2 c). The optical microscopy was also applied during the study.
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Fig. 1. (a) Cross section of RF bronze strand; (b) fragment showing the strand filament shape; (c) sketch showing the sampling location.
a b c
Fig. 2. (a) Strand just after heat treatment; (b) strand after heat treatment and repeated manual bending; (c) examined area across the sample.
3. Results
3.1. Defects classification
Common kinds of cracks revealed in this study are shown in Fig. 3. They are the following:
x transverse superconducting filament cracks, where the break line completely crosses the filament perpendicular 
to the filament axis (Fig. 3a). This kind of defect occurs most commonly;
x transverse superconducting filament cracks, where the break line completely crosses the filament at an angle 
between 90 o and 45o to filament axis (Fig. 3b). This kind of defects occurs rather often;
x cracks of superconducting filaments, where the break line extends over half a filament at the angles between 45o
and 90o to the axis (Fig. 3c). This kind of defects occurs rather rarely;
x longitudinal cracks of superconducting filaments, where the break line does not touch any side of 
superconducting filament and is located at an angle 0o to the axis (Fig. 3d). This kind of defects occurs very
rarely.
a b
c d
Fig. 3. (a) Cracks perpendicular to filament axis; (b) crack crosses the filament at the angle 45o to filament axis; (c) Crack extends over a half of 
filament width; (d) Longitudinal crack of superconducting filaments.
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3.2. Effect of a local void fraction on cracks formation
Fig. 4. (a) Void area in the bronze matrix and cracks location in 15.1; (b) filament crack corresponds to the crack location dot in the left picture.
It was observed that the void-induced perpendicular cracks are the most common. We have found evidence of the 
local void fraction influence on the crack formation. Fig. 4a presents the compilation of pictures characterizing local 
intensity of void fraction in the bronze matrix and marked places of crack locations (dots) obtained by processing of
the images stitching which covers the sample width within 234×536 μm2 area (sample # 15.1 taken nearby the spiral 
from petal # 1), while Fig. 4b shows the isometric view of one particular filament damage, where two pieces of 
filament bent down into an underlying void.
3.3. Effect of strand local curvature on crack formation 
As it is shown in [5], the local curvature of a strand influences the cracks formation with a tendency of crack 
appearance at the extended (convex) side of the sample. In turn, the high local void fraction in the matrix can 
influence in the opposite way and cracks can form at the compressed side of the sample. In Fig. 5a a typical 
histogram of a cracks distribution is presented for the sample #21.1, where the extended (convex) side is on the right 
and a high cracks fraction is found also on the right side of the sample. Fig. 5b demonstrates an opposite example 
for sample #16.2, which also has an extended (convex) side on the right but intensive void fraction in the left 
(concave) side. In this case one can see the higher cracks number on the left (compressed) side of the sample.
a b
Fig. 5. (a) Filament crack distribution for a bended strand extended on the right side (#21.1); (b) void area in the bronze matrix and the crack 
locations in a bended strand extended on the right side but having the higher void area in the left (concave) side (#16.2).
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3.4. Effect of the strand position in the cable cross-section on cracks formation 
Careful study in [5] showed that fraction of cracks in superconducting strands of the TFEU5 conductor depends 
on their position in the cross section of the petal. So far we have only made statistical analyses on the density of 
cracks in strands of two TFRF3 petals (#1 and #4 from HFZ). The results are presented in Table 1.
Table 1. Average number of cracks in strands having different positions in the cross section of a petal.
Petal # Strand position in petal
near to jacket near to spiral in center
1 46 ±16 29±8 24±10
4 109±37 34±14 27±10
One can notice a significant difference in the number of cracks (almost in two times) in strand sample taken near 
the jacket and near the spiral and in the center of petal. In some strands of petal #4 we revealed the highest number 
of cracks per image stitching (up to 170 cracks on 234×536 μm2). Fig. 6a shows a void area in bronze matrix and 
cracks location in sample # 21.1 with the highest number of cracks we ever found. The sample was taken near jacket 
in petal #4. In contrast, Fig. 6b shows a void area in bronze matrix and cracks location in sample # 17.1 with the 
lowest number of cracks (4 cracks) we ever found. The sample was selected nearby the spiral in petal #1. The pick 
intensity of void area on the left side of the picture corresponds to several large voids located beyond the filament 
zone (callout, Fig. 6b). Noteworthy is the fact that the samples with the highest and lowest number of cracks differ 
not only by the position in the cable, but also by the voids area in the bronze matrix.
4. Discussion
The strand in the TFRF3 conductor contains filaments well distributed over the cross section due to a rather large
number of relatively small sub-elements. Here we observed cracking of individual filaments, but not total 
destruction of the filaments in the sub-elements, except for reference sample 2 subjected to repeated manual bending
(Fig. 2b).
Among the kinds of cracks we observed, two first kinds (cracks at the angle between 45q and 90 q to the filament 
axis) are typical for all Nb3Sn strands, while the other two (semi-cracks and longitudinal cracks) can be attributed to 
the shape of the filaments formed by stacking pairs of Nb rods As for the effect of strand position in the conductor 
cross-section, we have found a difference in the number of cracks (about two times) in strands situated nearby the 
jacket and in the centre of a petal. We also attempted to compare our results with [6], where the strands from the 
TFEU5 conductor were examined. The drop of Tcs after testing in SULTAN in TFEU5 was 0.35 K [6] against 0.1 K
in TFRF3 [8].
                                      a                                                                                 b                                                                                                                   
Fig. 6. (a) Max cracks number and void area in bronze matrix (#21.1); (b) Min cracks number and void area in bronze matrix (#17.3);
(callout) voids in bronze matrix beyond the filament zone corresponding to pick intensity of void area in 6(b).
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We have converted our results into cracks/mm terms used in [6]. The diagram in Fig. 7 presents crack distributions
corresponding to different crack levels [6] for the samples taken near to the TFRF3 jacket from HFZ of petals #1 
and #4. For these highly loaded samples 11% correspond to level 1 (<0.9 cracks/mm), 61% - to level 2 (0.9-5.9 
cracks/mm) and 28% - to level 3 (5.9-11.8 cracks/mm). It seems they are less damaged than other strands extracted 
from bronze route based CICC [6]. Characteristics of TFRF3 strands are close to ones obtained from bronze route 
strands manufactured by others suppliers [7]. Nevertheless, RF strand shows very good strength properties due to
good distribution of filaments and unique filament shape. Regarding the effect of strand curvature, bending of
strands is inevitable in the manufacture and operating of the CICC. For the manufacture of CICC it seems the 
strands should be used with well distributed filaments. This has been conclusively shown in [5], where states that 
such strands are more resistant to bending. What we observed that a non-uniform distribution of voids in the bronze 
matrix erodes dependencies of filament fracture on the strand curvature and its position in the cable cross section.
5. Summary
Well distributed Nb3Sn bronze strands (with higher number of sub-elements) seem more convenient for CICC 
manufacture due to their resistance against bending;
Non-uniform distribution of voids in bronze matrix (in particular, clustering of large voids) can result in 
additional filament damage because most of filament cracks are void-induced.
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Fig. 7. Filament crack distribution for samples taken near to the jacket from HFZ parts of petals #1 and #4 of the TFRF3 conductor.
